The trimeric envelope (Env) spike is the focus of vaccine design efforts aimed at generating broadly neutralizing antibodies (bNAbs) to protect against HIV-1 infection. Three recent developments have facilitated a thorough investigation of the antigenic structure of the Env trimer: 1) the isolation of many bNAbs against multiple different epitopes; 2) the generation of a soluble trimer mimic, BG505 SOSIP.664 gp140, that expresses most bNAb epitopes; 3) facile binding assays involving the oriented immobilization of tagged trimers. Using these tools, we generated an antigenic map of the trimer by antibody cross-competition. Our analysis delineates three well-defined epitope clusters (CD4 binding site, quaternary V1V2 and Asn332-centered oligomannose patch) and new epitopes at the gp120-gp41 interface. It also identifies the relationships among these clusters. In addition to epitope overlap, we defined three more ways in which antibodies can cross-compete: steric competition from binding to proximal but non-overlapping epitopes (e.g., PGT151 inhibition of 8ANC195 binding); allosteric inhibition (e.g., PGT145 inhibition of 1NC9, 8ANC195, PGT151 and CD4 binding); and competition by reorientation of glycans (e.g., PGT135 inhibition of CD4bs bNAbs, and CD4bs bNAb inhibition of 8ANC195). We further demonstrate that bNAb binding can be complex, often affecting several other areas of the trimer surface beyond the epitope. This extensive analysis of the antigenic structure and the epitope interrelationships of the Env trimer should aid in design of both bNAb-based therapies and vaccines intended to induce bNAbs.
Introduction
The HIV-1 envelope glycoprotein (Env), a trimer comprising three gp120 and gp41 subunits, is the target of broadly neutralizing antibodies (bNAbs) that are known to prevent virus infection in animal models. The induction of bNAbs by vaccines is a highly desirable, but not yet achieved, goal. bNAbs isolated from HIV-1 infected individuals are templates for Env-based vaccines [1] , and may also be useful as therapeutics [2] . Around 20% of infected people generate bNAbs [1] ; their emergence usually takes at least 2 years, but can sometimes occur within a year [3] .
Most bNAbs recognize epitopes in four well-defined clusters. They include PG9/16, PGT141-145, CH01-04 and VRC26 (gp120; quaternary structure-dependent V1V2-glycan), b12, VRC01, VRC03, PGV04, HJ16, CH31, CH103-106, 3BNC60, 3BNC117, 12A12, NIH45-46 (gp120; CD4 binding site; CD4bs), PGT121-123, PGT125-130, PGT135-137, 10-1074 (gp120; Asn332-centered oligomannose patch), and 2F5, 4E10, 10E8 (gp41; membrane-proximal external region; MPER) [reviewed in [1] ], [4] . However, several bNAbs against new quaternary structure-dependent epitopes have now been isolated. The PGT151-158, 35O22 and 8ANC195 bNAbs interact with diverse epitopes at the gp120-gp41 interface [5] [6] [7] [8] . Their quaternary structural requirements mean that they bind only, or far better, to soluble trimers that adopt a native-like conformation than to gp120 monomers or uncleaved, non-native gp140 proteins [5, 6, 8, 9] . The 3BC315 bNAb was originally reported to target a CD4-induced gp120 epitope [10] , but its epitope is now known to be on gp41 [11, 12] .
The precise relationships among the various bNAb epitope clusters on the Env trimer are not fully understood. An antibody cross-competition analysis helped to define the antigenicity of the gp120 subunit [13] . However, trimerization alters the conformation, surface accessibility and antigenicity of gp120, and hence many Abs that bind well to gp120 cannot recognize the trimer (i.e. non-neutralizing Abs; non-NAbs). Accordingly, we elected to conduct a comprehensive analysis of the antigenicity of bNAb epitopes on the trimer, and their relationships. The recent development of recombinant, soluble BG505 SOSIP.664 trimers that antigenically mimic native, virion-associated Env made this study possible [12, [14] [15] [16] . These trimers express all epitopes for bNAbs that neutralize the parental virus, except those within the MPER [4] [5] [6] 8, 12, 14, [17] [18] [19] [20] , that are not included in the construct. Their high resolution structures in complexes with bNAbs PGV04 and PGT122 were solved by cryo-electron microscopy (EM) and X-ray crystallography, respectively [18, 19] , and a higher resolution X-ray structure of a complex with PGT122 and 35O22 is now available [21, 22] . While the BG505 SOSIP.664 trimers are not identical to the native Env spike on viruses due to stabilizing mutations and truncation of the MPER they are excellent mimics based on extensive antigenic and structural data.
Here, we describe a comprehensive antigenicity analysis of the same trimers using an antibody cross-competition ELISA and a panel of bNAbs against all known epitope clusters (except MPER). Key ELISA-derived observations were corroborated and extended by surface plasmon resonance (SPR). We also prepared low resolution, negative stain EM reconstructions of the Env trimers in complex with CH103, CH106, 1NC9, 3BNC117 and VRC01. The new EM data, as well as published structures, allowed us to interpret the cross-competition data in a structural context and thereby create an antigenic map of the trimer surface. Using the full set of data, we found that bNAbs could inhibit one another's binding by four different mechanisms: 1) epitope overlap, 2) steric inhibition, 3) allosteric inhibition, 4) glycan re-orientation. These findings enhance our understanding of how HIV-1 is neutralized, how the design of vaccines intended to induce bNAbs can be improved, and how bNAbs might be used therapeutically.
Results and Discussion

bNAb cross-competition ELISA
The goal of our cross-competition analysis was to characterize the interrelationships among bNAb epitopes on the trimer surface. In the assay, D7324-epitope-tagged, BG505 SOSIP.664 trimers [12] were immobilized on ELISA wells, an excess of non-biotinylated competitor bNAbs was incubated for 30 min with the immobilized trimers, and the biotinylated analyte bNAb was then added and its binding quantified (for pilot experiments, see S1A Fig) . We selected 24 bNAbs against all known epitope clusters (other than the MPER), of which 19 could successfully be biotin-labeled. Five bNAbs (1NC9, 8ANC195, PGT151, 35O22, 3BC315) lost trimer reactivity after biotinylation presumably because key primary amines on lysine residues were modified. For those five bNAbs, we used Fabs as competitors for unlabeled IgG antibodies and detected the Fc-regions of the latter. We note that the use of Fabs might result in less steric competition compared to IgG, but, in vivo, the IgG competition is more relevant.
In the resulting cross-competition matrix, we plotted the percentage of residual bNAb binding in the presence of an excess of the competitor (Fig. 1) . The EC 50 values for each test antibody, and hence, the molar excess, in the competition are provided in S1 Table. The epitope clusters were arranged in the matrix from top-to-bottom according to how they are approximately oriented on the trimer: the quaternary, trimer-apex cluster is at the top, the oligomannose patch and CD4bs clusters are located lower down, and finally, the gp120-gp41 ECTO interface and the exclusively gp41 ECTO epitopes are at the bottom. The MPER epitopes at the base of the trimer were excluded because they are not present on the SOSIP.664 construct [12, 23, 24] . Note that the oligomannose patch is subdivided into V3-glycan and outer domain (OD)-glycan sub-clusters, based on the results of this study and reference [1] . Within each epitope cluster, the individual bNAbs were arranged according to their cross-competing properties. Self-competition, plotted along the diagonal, serves as a positive control and was generally very strong (<25% residual binding). Three exceptions were 1NC9, 8ANC195 and 35O22, for which Fabs served as competitors for complete IgGs (as noted, the biotin-labeled MAbs were non-reactive). We therefore excluded all ELISA data derived using these three Fabs, because they could not be properly interpreted. For 8ANC195 and 35O22, we instead used SPR (see below) to obtain information on the gp120-gp41 ECTO cluster.
Gp120 epitope clusters
As expected, there were strong competitive effects between MAbs within each known epitope cluster. For example, within the V1V2-glycan trimer apex cluster, PG9, PG16 and PGT145 were strongly and reciprocally competitive.
The PGT121-123 and PGT125-128 family members all depend on the glycan at Asn332 and residues at the base of V3. All these bNAbs competed very efficiently with each other. The 2G12, PGT135 and PGT136 bNAbs also recognize the Asn332 glycan, but their epitopes also involve non-V3 components of the gp120 OD-glycan. 2G12 strongly competed with PGT135 and PGT136 but not vice versa, perhaps because PGT135 and PGT136 bind the trimer relatively poorly compared to 2G12 (>10-fold higher EC 50 ) and so do not compete efficiently [12] . We saw moderate but consistent and mostly reciprocal competition between bNAbs from the oligomannose patch cluster, which is consistent with these antibodies all targeting a "supersite of vulnerability" centered around the Asn332 glycan, albeit in subtly different ways [20] . Thus, different bNAbs have distinct binding motifs on different sides of this glycan, and their angle of approach can also vary [20, 25] . Notably, competition between the OD-glycan and V3-glycan sub-cluster members was not as strong as that seen within the two individual sub-clusters. The Some bNAbs could not be biotinylated. In those cases (indicated by *), the competitors were Fabs and the analytes were IgG. The bNAb clusters were arranged according to their location on the Env spike from top to bottom (membrane-distal to membrane-proximal). Within clusters, the bNAbs were arranged in such a way as to obtain an optimal inhibitory effect along the diagonal axis. Color-coding depicts the extent of competition or enhancement: red and orange indicate strong and intermediate inhibition, yellow indicates weak inhibition and green indicates no effect. Weak and strong enhancement effects are indicated in turquoise and blue. The numbers inside each box are derived from 6-9 independent values and indicate the percentage of residual binding of the analyte relative to the control (100%). The standard errors for all data points are plotted in the accompanying matrix in S1B implication is that the "Asn332 supersite" does indeed contain two bona fide sub-sites of bNAb epitopes (Fig. 1) .
Most bNAbs from the CD4bs epitope cluster competed strongly and reciprocally with each other. The binding of 1NC9, originally classified as a CD4bs-targeting bNAb [26] but not characterized extensively, was inhibited by every known CD4bs bNAb. This outcome supports the assignment of 1NC9 to the CD4bs cluster, but it also has some distinctive and unusual properties (see below).
Gp120-gp41 ECTO interface epitopes
The PGT151, 35O22 and 8ANC195 bNAbs recognize three new epitopes at the gp120-gp41 ECTO interface [5, 6, 8, 26] . As none of them retained trimer reactivity upon biotinylation, we used the Fab vs. IgG competition method. As noted above, self-competition was negligible for 8ANC195 and weak for 35O22, probably attributable to avidity issues; we therefore excluded all 8ANC195 and 35O22 Fab competition data from the matrix and instead relied on SPR (see below). In the competition ELISA, PGT151 Fab strongly inhibited 8ANC195 IgG binding to the trimer, which implies a substantial interrelationship between their epitopes. In contrast, the lack of competition between PGT151 and 35O22 suggests that these two epitopes overlap minimally or not at all. The 3BC315 bNAb did not cross-compete with any other antibody, which is consistent with its epitope being located on gp41. However, the lack of competition between 3BC315 and 35O22 was unexpected because the two epitopes overlap slightly [11] .
Interpreting off-diagonal competitions
The generally positive inhibition pattern along the diagonal axis of the matrix confirms existing knowledge of the test antibodies and their assignment to defined epitope clusters. In contrast, the off-diagonal inhibition patterns provide new clues about the physical proximity of, or functional relationships among, the different epitope clusters, and/or about the allosteric effects that arise when bNAbs bind the trimer.
The V3-glycan bNAbs PGT121, PGT122 and PGT123 inhibited binding of the V1V2-glycan cluster bNAbs (PG9, PG16, PGT145) relatively strongly, but in a non-reciprocal manner. PGT125, PGT126 and PGT128, also in the V3-glycan cluster, did not, however, block binding of the V1V2-glycan cluster bNAbs. The structure of the BG505 SOSIP.664 trimer complex with PGT122 illustrates that PG9, PG16 and PGT122 have slightly overlapping epitopes that all involve the Asn156 glycan [18] . We hypothesized then that steric occlusion via the constant domain of the Fabs also plays a role, providing a steric-based explanation for the crosscluster competition. However, the non-reciprocal competition seen between, e.g., the PGT121-123 family and PG9, PG16 and PGT145 might be at least partially explained by the stoichiometry of binding. Thus, when three bNAbs of the PGT121-123 family (trimer stoichiometry = 3) are bound to the trimer, PG9, PG16 or PGT145 may have a very limited opportunity to gain access to their epitopes on its apex. However, when a single trimer-apex bNAb binds (trimer stoichiometry = 1), the PGT121-123 epitopes on one or two protomers could still be available for binding. Yet another possibility is that binding of PGT121-123 antibodies stabilizes the closed state of the trimer and limits the conformational flexibility required for the V1V2 apex antibodies to access their epitope on the trimer interface. Indeed, some bNAbs are now known to stabilize the closed conformation of Env [27, 28] . We do not yet have an explanation for the strong, but non-reciprocal, competition between PG16 and PGT135.
The OD-glycan and CD4bs bNAbs competed to a moderate extent, but on a non-reciprocal basis ( Fig. 1) . A good example is that PGT135 and PGT136 inhibited the binding of most CD4bs bNAbs, but not vice versa (see below). We also observed competitive effects between bNAbs to the V3-glycan and CD4bs clusters. Thus, PGT125, PGT126 and PGT128, as well as PGT135 and PGT136, all inhibited CH31 binding; and PGT128 had the same non-reciprocal inhibitory effect on VRC01, an outcome that was confirmed by SPR (see below).
The binding of 8ANC195, which recognizes an epitope at the gp120-gp41 ECTO interface, was impeded by several CD4bs bNAbs ( Fig. 1 ), suggesting some relationship between these two sites on the trimer.
The most striking off-diagonal inhibition pattern was the non-reciprocal competition between PGT145 and 1NC9, 8ANC195 and, to a lesser extent, PGT151 and 35O22. This outcome was surprising because these epitope clusters are not in close proximity on the trimer structure. The binding of PGT145, which has an absolute specificity for native trimers [9, 12, 29] , to the apex may induce allosteric changes elsewhere in the trimer, or else stabilize the structure such that access to certain other epitopes is hampered by the reduced conformational flexibility. If so, the effect is highly specific to PGT145 as the same pattern was not seen using PG9 and PG16, which also recognize epitopes at the trimer apex. Any changes in the trimer induced by PGT145 binding were reversible, as PGT145-and 2G12-affinity purified BG505 SOSIP.664 trimers bound 1NC9 and PGT151 comparably (S2 Fig).
Uni-and bidirectional binding enhancement
We found several examples of one bNAb enhancing the trimer binding of another, either reciprocally or uni-directionally. For example, the V3-glycan bNAb PGT128 bound more strongly in the presence of CD4bs bNAbs, 8ANC195 or 3BC315. There was reciprocally enhanced binding between the CD4bs bNAb NIH45-46 and the V3-glycan bNAbs PGT123 and PGT128; and between the gp120-gp41 ECTO bNAb 8ANC195 and the V3-glycan bNAb PGT126. Nonreciprocal enhancement between NIH45-46 with PGT121 and PGT123 was seen. The CD4bs bNAbs 3BNC117, NIH45-46, CH103 and 1NC9, and the gp120-gp41 ECTO interface bNAb 8ANC195 increased the binding of several V1V2-glycan, V3-glycan or OD-glycan bNAbs, for reasons that are currently under investigation.
Competition by CD4 and induction of CD4-like conformational changes
When we used soluble CD4 (sCD4) as the competitor ligand, we saw the expected strong inhibition of CD4bs bNAbs ( Fig. 2A) . The V1V2-glycan bNAbs also bound markedly less well in the presence of sCD4, which probably reflects how CD4 binding opens up the trimer apex and thereby impairs or eliminates the associated epitopes [30] . The binding of the V3-glycan bNAb PGT125 was also strongly inhibited, the family members PGT126 and PGT128 to a lesser extent. The results for PGT126 and PGT128 are consistent with observations made using sCD4, the V3-glycan bNAbs and monomeric gp120 [31] .
Again as expected, Fabs of the various CD4bs bNAb strongly competed with CD4-IgG2 for trimer binding (Fig. 2B) . The V1V2-glycan bNAb PGT145 also prevented CD4-IgG2 binding, consistent with its induction of long-range allosteric effects, while the V3-glycan bNAbs PGT122, PGT125, PGT126 and PGT128 markedly but incompletely inhibited CD4-IgG2. Finally, the gp120-gp41 ECTO interface bNAb PGT151 (but not the other two members of this cluster) strongly inhibited CD4-IgG2 binding. While the three bNAbs do all recognize gp120-gp41 ECTO interfacial regions, their epitopes are spatially separated [8] . The structural data on the PGT151-trimer complex is consistent with its inhibitory effect on CD4-IgG2 binding [5] .
To investigate whether bNAbs could induce CD4-like conformational changes, we used the CD4i antibody 17b, a non-NAb, as a probe (Fig. 2C) . The trimer binding of the CD4bs bNAbs VRC01, 3BNC60 and NIH45-46W increased the subsequent binding of 17b, although only to a modest extent (9% for VRC01 or 3BNC60, 16% for NIH45-46W, in a scale where sCD4 is 100%). Similarly to sCD4, VRC01 induces substantial conformational changes in monomeric gp120 that better expose the 17b CD4i epitope, but it differs from sCD4 in not having that effect on the functional, virion-associated Env trimer [32, 33] . Hence the modest induction of the 17b epitope when VRC01 binds to the BG505 SOSIP.664 trimer (9% of the magnitude seen using sCD4) more closely reflects what is seen with native trimers than with monomeric gp120.
Of note is that the OD-glycan bNAbs PGT135 and PGT136 also enhanced 17b binding (by 12% for PGT135 and 16% for PGT136, again compared to 100% for sCD4), but no other bNAbs had this effect. Conversely, bNAbs from the V3-glycan cluster reduced the binding of both CD4i antibodies, which is consistent with the close proximity of the relevant epitopes on the trimer [34] .
Cross-competition studied using surface plasmon resonance
We used SPR to further explore and extend selected ELISA-derived observations. His-tagged BG505 SOSIP.664 trimers were immobilized on the chip via an anti-His Ab, as previously described [35] . In a new SPR competition format, two analytes (NAbs) were sequentially injected in a single cycle, and the two association curves recorded, the dissociation curve only after the second injection. For comparison, the association-dissociation curves from the individual analyte injections were superimposed on the curve for the second injection of the same analyte. The resulting plots are interpreted as follows: If the second curve for the sequential binding superimposes well on the individual binding curve there is no competition, whereas if the individual-injection curve is higher than the curve for the second injection in the sequential binding, there is competition. The conditions were adjusted such that the self-competition was nearly complete (Fig. 3) .
We were particularly interested in bNAbs 8ANC195, PGT151 and 35O22 against the gp120-gp41 ECTO interface because the corresponding ELISA datasets for 8ANC195 and 35O22 were incomplete. In the SPR assay, 8ANC195, PGT151 and 35O22 all showed strong self-competition (Fig. 3) . When PGT151 and 35O22 were added to the 8ANC195-trimer complex, strong competition was again seen (Fig. 3A , middle and right panel). The same was true when 8ANC195 was added to the PGT151-SOSIP.664 complex, which is consistent with the competition seen by ELISA (Fig. 3B, left panel) . However, 35O22 did not compete with the PGT151-SOSIP.664 complex, which is again consistent with ELISA data (Fig. 3B , right panel and Fig. 1 ). There was bidirectional competition between 8ANC195 and 35O22 for trimer binding in the SPR format but, in contrast, PGT151 bound efficiently to the 35O22-trimer complex (Fig. 3C, middle panel) .
Overall, the SPR data show that 8ANC195 cross-competes reciprocally with both PGT151 and 35O22, whereas PGT151 and 35O22 do not cross-compete with each other. The implication is that 8ANC195 binds the trimer at a location between the PGT151 and 35O22 epitopes. A few other selected ELISA-derived observations were also checked using SPR; with only minor and generally subtle exceptions, the two datasets were in good agreement (S3 Fig). 
Structural interpretation of bNAb cross-competitions
To gain more insight into the relationships among bNAb epitopes in the trimer context, we used existing low resolution structures of several bNAb complexes with the BG505 SOSIP.664 trimer [5, 8, 12, 14, 17, 18, 20, 36] . We also prepared similar de novo reconstructions of these trimers in complexes with CD4bs bNAbs CH103, CH106, 1NC9, 3BNC117 and VRC01. The 2D class averages and 3D reconstructions show all five antibodies recognize the trimers in similar ways, although with important differences (S4, S5A Figs) . Cross-correlation coefficient analyses of the 3D map fitting show that CH103 and CH106 have an almost identical angle of approach that is different from those taken by VRC01, 1NC9 and 3BNC117 (S5B Fig) . The 3BNC117 and 1NC9 bNAbs have a higher cross-correlation coefficient with VRC01 than do CH103 or CH106, suggesting there are subtle differences in the epitopes of these pairs of antibodies. Docking the CH103 crystal structure into the EM map indicates that gp120 has rotated relative to the ground state, and that the trimer is now in a slightly more open conformation. A study of several bNAbs using BG505 SOSIP.664 mutant trimers revealed that the 1NC9 and 3BNC117 epitopes differ slightly from those for more typical CD4bs bNAbs (i.e., VRC01, PGV04, CH103) by their dependence on the Asn276 glycan ( S7 Fig) . Combining new and published EM data allowed us to assess how bNAbs interact with the trimer, yielding a qualitative estimate that approximately 60% of the trimer surface is covered by at least one known bNAb (Fig. 4A) . When the various epitope clusters and the footprints of individual bNAbs were modeled onto the 3D trimer structure (Fig. 4B, C) , the resulting models help to explain several outcomes of the cross-competition analysis. For example, we saw nonreciprocal competition between the V1V2-glycan bNAbs (e.g. PG9) and the V3-glycan bNAbs (e.g. PGT122) (Fig. 1 ). The 3D model indicates that PG9 and PGT122 have slightly overlapping epitopes centered around Asn156 (Fig. 5A) [18] . The model also confirms why the competition between these two bNAbs is unidirectional (i.e., PGT122 impedes PG9, but not the converse); the outcome arises from the binding stoichiometry considerations referred to above.
Inspection of the Asn332 supersite shows the various angles of approach to this glycan taken by the different bNAb families (Fig. 5B) . While PGT122 and PGT128 approach the glycan from the same side, they do so at slightly different angles, whereas PGT135 and 2G12 approach from the opposite side. As a result, almost no component other than the Asn322 glycan is shared by the PGT122/PGT128 and PGT135/2G12 epitopes. The structural data are, therefore, consistent with the variable competition between the bNAbs from the V3-glycan (PGT122, PGT128) and OD-glycan (2G12, PGT135) sub-clusters (Fig. 1) .
PGT151 competed strongly and reciprocally with 8ANC195. However, although both bNAbs target the gp120-gp41 ECTO interface, their epitopes do not overlap [5, 36] . Modeling both Abs onto the 3D image of the trimer now shows that the competition between PGT151 and 8ANC195 is rooted in steric hindrance that arises from clashes in the constant region of the Fabs; i.e., the epitopes are sufficiently close to one another that both bNAbs cannot gain access to the trimer simultaneously (Fig. 5C) .
bNAb cross-competition by glycan reorientation
One unexpected example of nonreciprocal competition involved bNAbs from the CD4bs and OD-glycan clusters. Furthermore, binding inhibition could sometimes be seen even when the competitor bNAb bound the trimer only comparatively weakly in the ELISA. Specifically, based on their EC 50 values, the OD-glycan bNAbs PGT135 and PGT136 bound~5-fold less efficiently than the CD4bs bNAbs VRC01, 3BNC60, 3BNC117 and NIH45-46 [12] , yet the former were still able to substantially, and unidirectionally, inhibit the binding of the latter (Fig. 1) . Previous epitope mapping results from electron microscopy and x-ray crystallography studies clearly show that these two epitope clusters are independent and non-overlapping ( Fig. 5D and Fig. 6A and B) . We hypothesized that the decreased binding of CD4bs antibodies after PGT135 attachment is not caused by steric hindrance of the Fabs themselves, but by rearrangement of either the gp120 subunit or one or more specific glycan structures. The relative positions of the Fabs also agree well with negative-stain EM maps of the same Fab-trimer complexes (EMD-2331 [20] ). Previous reports that the CDR H1 and H3 loops of PGT135 Fab interact closely with gp120 glycans Asn386 and Asn392 [20] are consistent with the Env trimer crystal structure (Fig. 6C) . After superimposing the VRC01-gp120 structure onto the Env trimer structure, it appears that, when PGT135 binds to the trimer, the penetration of its CDR H1 loop into the glycan canopy would push the Asn363 glycan, and to a lesser extent the Asn386 glycan, toward the CD4bs. This movement would then create a steric clash between the Asn363 glycan and the CDR H2 loop of VRC01 (Fig. 6C) [37] . In contrast, a similar analysis indicates that VRC01 binding to the trimer does not cause significant movement of the Asn386 and Asn392 glycans into positions where they could sterically impede PGT135 binding. It should be noted that the crystal structures were derived using gp120s and trimers produced in 293S cells and EndoH-treated to remove as much glycan as possible prior to crystal formation. Hence only the residual, truncated glycan components that were resolved in the crystal structures were modeled. The Asn363, Asn386 and Asn392 glycan structures on the 293F cell derived trimers used in the competition ELISAs (and on viruses) will be substantially larger and the potential for clashes accordingly greater. When we performed similar docking analyses using the cryo-EM structure of 293F cell-derived trimers in complex with PGV04, additional density could be seen to extend from Asn363 that passed over the top of the VRC01 Fab (PGV04 and VRC01 have very similar, overlapping epitopes; EMD-5779 [19] ). This suggests that the Asn363 glycan may have a limited range of conformations that are permissive for binding of CD4bs antibodies.
The unexpected nonreciprocal competition between 8ANC195 and CD4bs bNAbs, particularly VRC01, 3BNC60, 3BNC117 and NIH45-46, can also now be explained on structural grounds. The 8ANC195 epitope spans both the gp120 and gp41 ECTO subunits but is dependent on the Asn276 glycan that borders the membrane-proximal side of the CD4bs (Fig. 5E ). Deleting this glycan increases the neutralization potency of VRC01 but, when present, the VRC01 light chain binds to it [38] . We hypothesize that when VRC01, 3BNC60, 3BNC117 or NIH45-46 bind the trimer, the Asn276 glycan is reoriented in a way that 8ANC195 can no longer recognize it. However, because Asn276 is not an critical component of the epitopes for some (e.g., VRC01), but not all (i.e., 3BNC117) CD4bs bNAbs [39] (S7B Fig), the competition is non-reciprocal. The enhanced binding of 3BNC117 by 8ANC195 may be related to dependency of Asn276 for 3BNC117 binding. Thus, 8ANC195 might reorient this glycan in such a way that it becomes more accessible to 3BNC117. Other CD4bs bNAbs such as CH103 and CH106 bind to the membrane-distal side of the CD4bs and have a steeper angle of approach than VRC01; these antibodies probably do not reorient the Asn276 glycan in a way that precludes 8ANC195 binding (Fig. 5E ).
Conclusions
Using a bNAb cross-competition ELISA, supported by SPR data and structural analyses, we have defined the steric and allosteric relationships among the known antigenic sites on the HIV-1 Env trimer. We have also identified four mechanisms by which bNAbs can interfere with one another's binding (Fig. 7) : 1) direct overlap of epitopes (many examples); 2) steric inhibition (PGT151 inhibition of 8ANC195); 3) allosteric inhibition (PGT145 inhibition of 1NC9, 8ANC195, PGT151 or CD4); 4) glycan reorientation (PGT135/PGT136 inhibition of CD4bs bNAbs, and CD4bs bNAb inhibition of 8ANC195). Whether competition between bNAbs is or is not reciprocal can also be influenced by both binding affinity (competition in ELISA is likely to be influenced substantially by bNAb off-rates) and stoichiometry (whether 1, 2 or 3 copies of a bNAb bind the trimer). Overall, based on our current observations, the binding of bNAbs to the trimer can involve local remodeling of loops or glycans, as well as triggering long-distance allosteric effects.
The platform for our experiments is the soluble, recombinant BG505 SOSIP.664 trimer, a highly stable native Env spike mimetic. While we are confident that these soluble trimers closely resemble the native spike, as shown by the strong correlation between antibody binding in ELISA and neutralization of the corresponding virus [12] , differences may need to be considered when comparing an engineered stabilized soluble protein versus the wild-type membraneassociated protein. However, we suggest that such differences are more likely to be manifested at the qualitative than the quantitative level, for example in the rates and extent of antibodyinduced conformational changes to the trimer and any subsequent allosteric effects.
One seemingly common belief about the trimer until recently was that it has only a few sites of vulnerability. That view emerged in a period when not many bNAbs were known [40] [41] [42] [43] . A re-evaluation now seems to be warranted. The availability of entirely new families of bNAbs and identification of their epitopes on the structure of the trimer reveals many weaknesses in Env's defenses against antibodies. Additional novel bNAbs are still likely to be isolated that may expose more. Thus, instead of just a few distinct sites of vulnerability there are many; and they overlap with one another. Computational modeling what is now known about the antigenic surface of the trimer allows one to take a virtual walk over the trail of partially overlapping epitopes that span the entire trimer from top to bottom. An example of the route mapped out from apex-to-base involves the following epitopes PG9-PGT122-PGT128-2G12-PGT135-CH103-1NC9-8ANC195-35O22 ( Fig. 4B and C; Fig. 5 ). The overlap between glycans (spheres) that were resolved in the PGT135-gp120 structure, and of the same glycans from the BG505 SOSIP.664 crystal structure. The presumed steric clash between glycan on Asn362 (and perhaps also Asn363) and the CDR H2 loop of VRC01 is marked with an asterisk. The gp120 subunit of the BG505 SOSIP.664 trimer is displayed as white ribbons. The glycans depicted were limited to the components resolved in the crystal structures (GlncNAc 1 for Asn362, GlncNAc 2 Man 1 for Asn386 and GlncNAc 2 Man 6 for Asn392 in the PGT135-gp120 structure; GlncNAc 2 for Asn362, GlncNAc 2 for Asn386 and GlncNAc 2 for Asn392 in the BG505 SOSIP.664 trimer structure), and hence their sizes are underestimated compared to trimers produced in 293F cells or present on viruses.
doi:10.1371/journal.ppat.1004767.g006 these sites suggests that there is an almost continuous antigenic surface that can be recognized by one or more known bNAbs. Key questions now might be: does the human immune system target some vulnerable areas more frequently, or more effectively, than others? Does the development of an antibody response against one epitope influence the development of antibodies against other sites and, if so, how [44, 45] ?
The existence of indirect interference mechanisms for bNAb binding has implications for the use of competition ELISAs, or similar assays, for mapping the NAb/Ab specificities in sera from Env-immunized animals or HIV-1-infected people. For example, if an anti-Env serum inhibited the trimer binding of a CD4bs bNAb such as VRC01, it would not necessarily mean that VRC01-like antibodies were present in the serum as the inhibitory effect could be indirect [46] .
Our detailed antigenic map of the BG505 SOSIP.664 trimer may assist in the design of vaccines aimed at inducing bNAbs, and for mapping responses in sera from infected individuals or from recipients of Env vaccines. This information may also be useful for designing cocktails of bNAbs for therapeutic use. For example, only antibodies with mutually reinforcing and not competing properties should be used together. Finally, the competition matrix can be considered the benchmark for analysis of where newly discovered bNAbs target the Env trimer.
Materials and Methods
Env trimers
The design of BG505 SOSIP.664 trimers, including the D7324-epitope tagged version, has been described extensively elsewhere, as have the methods to produce and purify them [12, 14, 18, 19] . 2G12-affinity and size exclusion chromatography (SEC)-purified BG505 SOSIP.664-D7324 and SOSIP.664-His trimers were used for the ELISAs and SPR, respectively. For EM reconstructions, 2G12-affinity and SEC-purified BG505 SOSIP.664 trimers without the D7324-epitope tag were used. In the experiments in S2 Fig, BG505 SOSIP.664-D7324 trimers were purified via PGT145-affinity chromatography without SEC.
Antibodies and Fabs
MAbs were obtained as gifts, or purchased, or expressed from plasmids, from the following sources directly or through the AIDS Reagents Reference Program: John Mascola and Peter Kwong (VRC01); Polymun Scientific (2G12); Michel Nussenzweig (3BNC60, 3BNC117, NIH45-46, NIH45-46W, 1NC9, 8ANC195, 3BC315); Barton Haynes (CH31, CH103, CH106,); James Robinson (17b). MAbs were biotin labelled using the Pierce EZ-Link Sulfo-NHS-Biotinylation kit (product code #21425) and Fabs were produced with the Pierce Fab purification kit (product code #44685), in both cases according to the manufacturer's instructions.
D7324-capture ELISA using BG505 SOSIP.664 trimers
The D7324-capture ELISA has been described elsewhere [12] . For the detection of biotinylated MAbs, horseradish peroxidase (HRP)-labeled streptavidin (Sanquin, The Netherlands) was used.
D7324-capture competition assay using BG505 SOSIP.664 trimers
Microlon-600 96-well, half-area plates (Greiner Bio-One, Alphen aan den Rijn, The Netherlands) were coated overnight with Ab D7324 (Aalto Bioreagents, Dublin, Ireland) at 10 μg/ml in 0.1 M NaHCO 3 , pH 8.6 (50 μl/well). After washing and blocking steps, purified, D7324-tagged BG505 SOSIP.664 trimers were added at 300 ng/ml in TBS/10% FCS for 2 h. A 25-μl aliquot of TBS (150 mM NaCl, 20 mM Tris) plus 2% skimmed milk containing the competitor MAbs/Fabs (10 μg/ml of each in a 50 μl final volume) was added to each well of a separate plate. Unbound Env proteins were washed away from the test plate before the competitor MAbs were added and incubated for 30 min. A 25-μl aliquot of the biotinylated MAbs/IgG, at a concentration giving 50-70% of the maximum binding signal, was then added for 2 h followed by 3 washes with TBS. HRP-labeled streptavidin (Sanquin, The Netherlands) or HRP-labeled Goat anti-Human IgG, Fcγ fragment specific (Jackson Immunoresearch, Suffolk, England) were added for 1 h at a 1:3000 dilution in TBS/2% skimmed milk, followed by 5 washes with TBS/0.05% Tween-20. Colorimetric detection was performed using a solution containing 1% 3,3 0 ,5,5 0 -tetramethylbenzidine (Sigma-Aldrich, Zwijndrecht, The Netherlands), 0.01% H 2 O 2 , 100 mM sodium acetate and 100 mM citric acid. Color development was stopped using 0.8 M H 2 SO 4 when appropriate, and absorption was measured at 450 nm.
Surface Plasmon Resonance
An anti-histidine antibody (GE Healthcare Bio-Sciences) was immobilized onto CM5 chips by amine coupling. His-tagged BG505 SOSIP.665 trimers were captured in amounts corresponding to 500 RU except in experiments with 8ANC195 in which 100 RU as used because of the NAb's slow association. Also PGT151 and 35O22 were used at 500nM, 8ANC195 at 1.5uM. SPR was performed under conditions previously described with modifications as follows [35] . In a new SPR competition format, two analytes (NAbs) were sequentially injected in a single cycle. The first analyte was injected and then after 200 s of the association phase, the second analyte was injected, also for 200 s, both at flow rates of 30 μl/min. After the second injection, dissociation was followed for 400 s. For comparison, each analyte was also injected on its own at the indicated concentrations. After each complete cycle, the chip surface was regenerated with a single pulse of 10mM Glycine (pH2.0) for 120s at a flow rate of 30 μl/min.
Electron microscopy BG505 SOSIP.664 gp140 trimers in complex with Fabs were analyzed by negative stain EM after overnight incubation at room temperature (6 molar excess of Fab to trimer). A 3 μL aliquot containing~0.03 mg/mL of the Fab-trimer complex was applied for 5 s onto a carboncoated 400 Cu mesh grid that had been glow discharged at 20 mA for 30 s, then negatively stained with 2% (w/v) Uranyl formate for 60 s. Data were collected using an FEI Tecnai T12 electron microscope operating at 120 keV, with an electron dose of~25 e -/Å 2 and a magnification of 52,000x that resulted in a pixel size of 2.05Å at the specimen plane. Images were acquired with a Tietz TemCam-F416 CMOS camera using a nominal defocus range of 1000 nm.
Image processing and 3D reconstruction
Data processing methods were adapted from those used previously [9, 12] . Particles were picked automatically using DoG Picker and put into a particle stack using the Appion software package [47] . Initial, reference-free, two-dimensional (2D) class averages were calculated using particles binned by two via Iterative MSA/MRA and sorted into classes [48] . Particles corresponding to complexes were selected into a substack and binned by two before another round of reference-free alignment was carried out using the Iterative MSA/MRA and Xmipp Clustering and 2D alignment software systems [49] . For Fab-containing complexes, an ab initio common lines model was calculated from reference-free 2D class averages in EMAN2 [50] using 3-fold symmetry. EMAN [51] was used for all 3D reconstructions, and all maps were refined using 3-fold symmetry. In total, 39,259 particles were included in the final reconstruction for the 3D average of BG505 SOSIP.664 trimer complex with CH103; 27,144 for the complex with CH106; 11,235 particles for the complex with 1NC9; 14,956 for the complex with 3BNC117; and 7,861 for the complex with VRC01.
To estimate the percentage of the HIV-1 Env surface covered by bnAbs, various EM models [PGT128 (EMDB 1970), PGT122 (EMDB 5624), PG9 (EMDB PG9), PGT135 (EMDB 2331), 2G12 (EMDB 5982), PGV04 (EMDB 5779), PGT151 (EMDB 5918), 8ANC195 (EMDB 2625) and 35O22 (EMDB 2672)] were loaded into the Chimera software package [52] . These models were then fit into the map of full-length JR-FL Env (i.e., including the transmembrane region) in complex with PGT151 (EMDB 5918) after removal of the PGT151 density. The contact area between various Fab densities and the trimer was estimated and the sum divided by the total surface area of the trimer. The surface area of each bNAb footprint is an estimate based on docking Fab X-ray structures into their respective EM reconstructions, and then coloring a zone on the Env surface that is within 4 Å of the Fab atoms. The 2G12 Fab footprint is colored within 8 Å of the docked Fab structure because it binds to the tips of several high mannose glycans that are not resolved in the low-resolution model. To account for surface area at the bottom of the trimer that is inaccessible due to the cell/virus membrane, the trimer volume was segmented and the surface area for a small portion in the transmembrane region was subtracted from the total trimer surface area. In addition, the contact area between 2G12 and the trimer was doubled to allow a more accurate measurement, taking into account that a gap between the Fab and trimer densities in the EM model arises from the high-mannose glycan patch (including the 2G12 epitope) not being resolved in the negative-stain reconstruction.
Supporting Information S1 Table. Concentrations and binding parameters of the bNAbs in the cross-competition assay. Midpoint binding titers (EC 50 values; second column) are taken from reference [12] . The analyte and competitor concentrations used here are given in the third and fourth column, and the molar ratio between the analyte and competitor antibodies are listed in the last column. Note that the molar ratios for Fab competitors (see asterisks) were halved to reflect the monovalency of the combining site compared to IgG. ELISA using 2G12/SEC-and PGT145-purified BG505 SOSIP.664 trimers to determine whether allosteric changes induced by PGT145 were reversible. The 2G12 bNAb was used as a loading control and 1NC9 and PGT151 were used to probe the allosteric changes are still present in the PGT145 purified trimers. Because the binding of 1NC9 and PGT151 to 1G12/SEC-and PGT145-purified trimer is similar, we infer that the PGT145-induced allosteric changes that inhibit 1NC9 and PGT151 binding ( 
